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CAST-ALUMINA METAL MATRIX 
COMPOSITES 

This application claims the bene?t of US. Provisional 
application No. 60/041,188, ?led Mar. 21, 1997. 

FIELD OF INVENTION 

This invention relates to aluminum-base metals contain 
ing alumina and carbon or graphite particles. In particular, 
this invention relates to the casting of alumina-containing 
metal matrix composites (MMCs). 

BACKGROUND OF THE INVENTION 

Rohatgi et al, in US. Pat. No. 5,626,692, disclose that 
nickel-coated graphite particles and silicon carbide particles 
can combine to produce a neutral buoyancy mixture. This 
neutral buoyancy mixture hinders loW-density graphite from 
?oating and high-density silicon carbide particles from 
sinking in molten aluminum-base matrices. The stability of 
this molten mixture alloWs casting of metal matrix compos 
ites Without special rapid-solidi?cation equipment. This 
neutral buoyancy method provided the ?rst commercially 
viable method for casting aluminum-base composites With 
silicon carbide and graphite particles. 

These hybrid silicon carbide-graphite composites provide 
excellent Wear resistance at loW cost. Although manufactur 
ers readily machine these hybrid composites, the “hard” 
silicon carbide particles accelerate tool Wear rates of tung 
sten carbide tools Diamond (PCD and CVD-diamond 
coated carbides) have suf?cient hardness to machine silicon 
carbide reinforced metal matrix composites. These dia 
monds tools hoWever are very expensive, do not resist 
shocks that occur With interrupted cutting and are only 
available in limited shapes and siZes. The accelerated Wear 
rates of machining silicon carbide-containing composites 
can increase machining costs of some applications beyond 
acceptable limits for certain applications. 

It is an object of the invention to form a Wear resistant 
composite. 

It is a further object of the invention to provide a com 
posite that facilitates casting Without excessive segregation. 

It is a further object of this invention to provide a 
composite that machines With decreased tool Wear rates. 

SUMMARY OF THE INVENTION 

This composite consists of an aluminum-alloy matrix 
containing by volume percent, 0.4 to 8.8 alumina, 1 to 4.4 
carbon or graphite and 0.5 to 20 nickel-bearing aluminide. 
The alumina particles have an average siZe betWeen 3 and 
250 pm and the carbon and graphite particles have an 
average siZe betWeen 10 and 250 pm. The composite is cast 
by stirring alumina and carbon or graphite contained in a 
molten aluminum or aluminum-base alloy to form a molten 
mixture. The molten mixture is cast directly from a tem 
perature above the liquidus of the matrix alloy. While 
solidifying, carbon or graphite particles delay or hinder the 
settling of alumina to create a more uniform composite 
structure. The resulting composite structure contains an 
aluminum-base alloy, alumina, carbon or graphite and 
nickel-bearing aluminide dispersoids. 

DESCRIPTION OF THE DRAWING 

FIG. 1 is a 50X SEM micrograph of the composite of the 
invention formed With 5 volume percent alumina and 3.5 
volume percent graphite. 
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FIG. 2 compares Wear test results of an aluminum-base 

alloy containing 5 volume percent alumina and 3.5 volume 
percent graphite to cast iron and silicon carbide-graphite 
hybrid composites. 

FIG. 3 compares Wear test results for an aluminum-base 
alloy containing 5 volume percent alumina and 3.5 volume 
percent graphite to silicon carbide/graphite hybrid compos 
ites. 

DESCRIPTION OF PREFERRED 
EMBODIMENTS 

This composite provides a stable alumina-containing 
aluminum-alloy-matrix composite capable of being cast 
With conventional equipment. This invention uses carbon or 
graphite to hinder the setting of high-density alumina 
particles, Which in turn dramatically increases the castability 
of the composite and increases uniformity of the dispersion 
of the particles in the part. 
The MMC ideally contains alumina and carbon or graph 

ite (Gr) in the folloWing proportions to achieve neutral 
buoyancy. For particles of the same siZe: 

Note: The above formula assumes an aluminum matrix 
density of 2.7 g/cc, a carbon density of 2.2 g/cc and an 
alumina density of 3.9 g/cc. 

In accordance With the neutral buoyancy concept, carbon 
or graphite ideally occupies 1 to 4 volume percent and 
alumina forms 0.42 to 1.68 volume percent of the composite. 
HoWever, if a higher fraction of alumina is desired to 
achieved better Wear properties, ?ner alumina particles, 
Which settle in the melt sloWer than a larger alumina 
particles, can be used. Mixing alumina and graphite together 
in the melt distributes these items uniformly throughout the 
composite. Achieving neutral buoyancy alloWs the casting 
of these composites in sloW-cooling molds, such as sand 
molds Without signi?cant settling of the alumina. Limiting 
volume percent of carbon or graphite to about 4 volume 
percent reduces the strength loss of the MMC and provides 
excellent lubricating properties. An addition of at least 1.5 or 
2 volume percent graphite provides the best lubrication for 
Wear resistant applications. 

Introducing nickel-coated graphite into the matrix is the 
most effective means for adding graphite into molten alu 
minum. The nickel facilitates Wetting of the graphite and 
forms nickel aluminide dispersoids during solidi?cation. 
The nickel-bearing aluminide phases increase Wear resis 
tance of the composite. Ideally, the solidi?ed volume frac 
tion of the nickel-bearing aluminide phases is betWeen 1.8 
and 12 volume percent. The alloy optionally contains ele 
ments to promote aluminide formation such as: 0 to 3 Weight 
percent iron; and 0 to 2 Weight percent magnesium—With 
some aluminum-base-matrix alloys it’s possible to incorpo 
rate even greater quantities of iron and magnesium. Most 
advantageously, the matrix alloy contains 0.5 to 2 Weight 
percent iron, 0.1 to 1 Weight percent magnesium and 5 to 19 
Weight percent silicon. Most advantageously, the matrix 
contains 5 to 15 Weight percent silicon. 

Optionally, introducing nickel-coated alumina into the 
melt increases Wetability of the alumina and reacts With 
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aluminum to form the nickel aluminides. Finally, it is 
possible to simply add nickel to the matrix alloy. If the nickel 
does not coat the graphite, an additional means of Wetting 
the graphite Will be necessary to introduce the graphite into 
the molten aluminum. Alternatively, introducing iron into 
the melt increases the proportion of nickel-containing inter 
metallics in the composite. 

EXAMPLE 1 

Melting, degassing and skimming 23.1 kg of aluminium 
alloy 413.0 provided the starting point for preparing the 
alloy. Argon gas protected the molten alloy, While adding 
8.26 kg of alumina-bearing composite (22 volume percent 
alumina) to the melt. After adding this alloy, volume percent 
alumina measured 5.1 percent. Agitating in 615 g of nickel 
coated graphite particles (50 Wt % Ni) produced an alloy 
nominally containing 3.5 volume percent graphite. After 
stirring this molten mixture for several hours, casting the 
mixture at 700° C. into an ASTM test bar mould produced 
test samples. 

Actual chemical as say of the sample (Alloy 1) resulted in 
the folloWing composition: 

TABLE 1 

Bulk Analysis-Weight Percent 

Al Ni 0 A1203 Si 

Alloy1 73.5" 3.39 2.64 7.2 8.8 0.7 

*Balance plus incidental impurities. 

Table 2 below provides the volumetric ratio of alumina to graphite and an 
analysis of the nickel aluminide of Alloy 1. 

c A1203 Ni Fe Si Al Mg 
(vol %) (vol %) (Wt %) (Wt %) (Wt %) (Wt %) (Wt %) 

Bulk 3.3 50 
Inter- 23.3 8.4 2.4 63.2 1.8 
me 

tal 
lic 

Referring to FIG. 1, the SEM micrograph illustrates a 
typical section of the composite. This alloy contained a 
greater amount of nickel-bearing intermetallics than previ 
ous hybrid composite alloys based on a Duralcan F3S.20S 
(20 volume percent SiC)+A356 composition. The high iron 
levels in 413.0 alloy and the magnesium content of com 
posite appear to increase the volume fraction of the alu 
minide phase. 

The average particle siZe of the graphite Was approxi 
mately 85 pm. Alumna, having an average particle siZe of 
only 10 pm, stabiliZed the graphite Without excessive sink 
ing in the melt. FIG. 1 illustrates groupings of alumina 
particles that surround and stabiliZe the larger graphite 
particles. 

Cutting the cast material into 10><10><5 mm Wear blocks 
provided test samples for dry sliding Wear in accordance 
With “Standard Practice for Ranking Resistance of Materials 
to Sliding Wear Using Block-on-Ring Wear Test,” G77, 
Annual Book of ASTM Standards, ASTM, Philadelphia, Pa., 
1984 pp. 446—62. Testing these samples against ring mate 
rial SAE-52100, at 0.5 mn/s sliding speed and 1000 m 
sliding distance produced the results of FIG. 2. This 
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4 
alumina-graphite composite performed as Well as or better 
than a composite containing higher volume fractions of 
silicon carbide and graphite. At high loads, the alumina 
graphite composite did not appear to generate as much heat 
by friction as the silicon carbide composite, as Witnessed by 
less discolouration of the Wear ring and temperature mea 
surements made in the bulk volume of the block material. 
Machinability 
The machinability of the composite Was determined by 

side milling tests. A FADAL VMC 6030 CNC milling 
machine (22hp (16.4 kW), 100 rpm) contained tWo inserts. 
These inserts consisted of PVD TiCN-coated carbides con 
taining the folloWing geometry: 

Clearance angle: 15° 

Wiper clearance angle: 15° 

Entering angle: 90° 

The total diameter Was 1.5 in. (38.1 mm) With an axial 
depth of cut of 0.25 in. (0.63 cm) or 0.10 in. (0.25 cm). 
Testing all composites under dry conditions accelerated the 
Wear tests. 

FIG. 3 illustrates that the alumina-containing composite 
has better machineability than 6 vol. % SiC-4 vol. % Gr 
composites and far superior to 10 vol. % SiC-4 vol. % Gr 
composites of similar Wear resistance. The alumina particles 
(not having the hardness of silicon carbide particles), 
machined much better than silicon carbide particles. 
Furthermore, the alumina alloy machines at faster speeds 
that in turn alloW faster ?nishing. In addition, the brittle 
nickel aluminide compound precipitated throughout the 
matrix reduces the ductility of the aluminium-base matrix to 
loWer the energy required to shear metal chips. Another 
advantage of the alumina-containing composite is less sen 
sitivity to tool cutting speed. 
An alternative method for producing the alloy consists of 

melting an aluminum-matrix-alumina-containing composite 
and mixing the carbon or graphite into this mixture. This 
provides a loW-cost means of introducing alumina and 
lubricating phase into the melt. Optionally, adding additional 
aluminum alloy to these mixtures could loWer the volume 
percent alumina in the melt. 

Alternatively other additives such as AlB2, AlN, MgO, 
NiZB, Si3N4, TiN, Y2O3, ZrB2, and ZrO2 may form neutral 
buoyancy composites With carbon or graphite. 

Unfortunately, the most useful ranges of alumina and 
graphite composites for some applications may not fall 
completely Within the ideal neutral buoyancy ranges. The 
possible composite ranges for hindered settling of alumina 
include about the ranges of Table 3 by volume percent. 

TABLE 3 

Material Broad Intermediate NarroW 

Alumina 0.4 to 8.8 2 to 6 3 to 6 
Carbon 1 to 4.4 1.5 to 4 2 to 3.8 
Graphite 1 to 4.4 1.5 to 4 2 to 3.8 
Nickel Aluminide 0.5 to 20 1 to 15 2 to 12 

The casting process alloWs molten mixtures having a 
temperature above the liquidus temperature of matrix alloy 
to be poured directing into molds. For purposes of this 
speci?cation, liquidus of the matrix alloy is the temperature 
Where the matrix alloy, other than intermetallics, is essen 
tially one hundred percent liquid. This casting process has 
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the ability to cast composites, containing by volume percent, 
0.4 to 40 alumina, 1 to 15 graphite or carbon and 1 to 20 
nickel-bearing aluminide. 
When casting aluminum-matrix-alumina-graphite com 

posites hoWever, the ratio of volume fraction of alumina to 
carbon or graphite advantageously ranges betWeen 0.3 and 
2.0. Most advantageously, this volume ratio ranges betWeen 
0.4 and 1.2. This range effectively hinders the settling of the 
alumina. To further optimiZe the distribution of alumina, 
stirring the melt just before casting facilitates even distri 
bution of the particulate. The hindered settling ideally limits 
settling for a suf?cient period of time to solidify the casting 
Without unacceptable settling. If the molten-metal-alumina 
graphite mixture achieves neutral buoyancy, the alumina 
does not sink and the time available to solidify the casting 
Without segregation greatly increases. These neutral buoy 
ancy mixtures are stable at temperatures above the dissolu 
tion temperature of nickel aluminides. 

Particles siZe is important for maximiZing the stabiliZing 
effect of carbon or graphite. Ideally alumina and carbon or 
graphite has about average particle siZe ranges of Table 4, as 
measured in micrometers. 

TABLE 4 

Material Broad Intermediate Narrow 

Alumina 3 to 250 10 to 80 10 to 40 
Carbon or Graphite 10 to 250 20 to 200 30 to 150 

Since settling velocity is directly proportional to particle 
diameter, using alumina particles having a smaller particle 
siZe than the graphite contributes to stabiliZing the molten 
mixture. For example, using an alumina particle siZe of less 
than one half of the graphite siZe contributes toWard stabi 
liZing the mixture. A graphite to alumina particle siZe ratio 
of at least 5 to 1 or even 10 to 1 stabiliZes molten mixtures 
containing graphite particle siZes up to and above 100 
microns. Most advantageously, the composite contains small 
alumina particles (<20pm) in combination With large graph 
ite particles (>50 pm). Furthermore, large graphite particles 
are bene?cial in preventing aluminum from covering or 
forming over the graphite—in composites requiring surface 
level graphite for effective graphite ?lm lubrication. 

Similarly, increasing the numerical ratio of alumina par 
ticles to graphite particles further stabiliZes the melt. Having 
a ratio of 3 or 5 alumina particles for every graphite particle 
contributes stability to the mixture. Most advantageously, a 
ratio of at least 10 alumina particles per graphite particle 
stabiliZes the mixture. Furthermore, a volumetric ratio of 
alumina to graphite of at least 1.2 optimiZes Wear resistance 
Without sacri?cing castability. Most advantageously, this 
ratio is at least 1.5 to optimiZe Wear resistance. 
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Alternatively, the invention may use chopped alumina or 

chopped graphite ?bers. Chopped alumina containing a 
greater surface area per unit volume than alumina particles 
is especially effective With graphite for hindering settling. 
Using chopped ?bers may alloW a greater proportion of 
alumina in combination With a particular amount of graph 
ite. Adding chopped alumina or chopped graphite ?bers in 
their nickel-coated forms facilitates introduction of the 
chopped ?bers into the melt. 
A particular example of a composite With unexpected 

Wear resistance consists essentially of 2.5 to 4 volume 
percent graphite, 3 to 8 volume percent alumina and 1 to 12 
volume percent nickel aluminide. This combination of addi 
tives can produce composites having performance equal to 
composites having as high as 20 volume percent silicon 
carbide and no nickel aluminides or graphite. 

The alumina-graphite composites have extremely good 
Wear resistance, especially at high loads. Furthermore, 
alumina-containing composites have improved tool life and 
cutting speed sensitivity in comparison to silicon carbide 
containing composites. Mixing this combination of sinking 
prone alumina and ?oating-prone graphite or carbon leads to 
formation of composites Which are castable Without signi? 
cant changes to conventional casting methods. This rela 
tively small quantity of alumina, graphite and nickel alu 
mide provides a commercially castable composite, With 
excellent machinability and Wear resistance that surpasses 
dry sliding Wear resistance achieved With cast iron and 
silicon carbide hybrid composites. 

In accordance With the provisions of the statute, this 
speci?cation illustrates and describes speci?c embodiments 
of the invention. Those skilled in the art Will understand that 
the claims cover changes in the form of the invention and 
that certain features of the invention may operate advanta 
geously Without a corresponding use of the other features. 
What is claimed is: 
1. A cast neutral buoyancy aluminum base metal matrix 

composite consisting of, by volume percent, at least about 
0.4 to about 8.8% spherical particle alumina, the spherical 
particle alumina having an average diameter betWeen 10 to 
about 20 pm, about 0.5 to about 20% nickel-bearing alu 
minide dispersoids, at least about 1 to about 4.4% lubricat 
ing phase selected from the group consisting of carbon and 
graphite, the lubricating phase having an average siZe of 
about 30 to 150 pm, 5 to 19 (Weight) % silicon, 0.1 to 1 
(Weight) % magnesium, 0.5—2 (Weight) % iron, a volumetric 
ratio of alumina to lubricating phase betWeen 0.3 to 2.0, and 
the balance aluminum. 


